Introduction: Previous in vivo optical coherence tomography studies have proposed the retinal choroid as a potential oculovascular biomarker for Alzheimer's disease (AD). However, the clinical use of the choroid as a purported surrogate marker remains poorly understood. We pursued a histopathological approach to assess choroidal thickness and vascular morphology in severe disease. Methods: Human postmortem tissues from 8 patients with AD (mean age: 80.1 6 12.7 years) and from 11 age-matched controls (mean age: 78.4 6 16.57 years) were analyzed. Thickness, area, and vascularity of the retinal choroid and its sublayers were measured from the nasal and temporal quadrants of the superior retina.
Background
Alzheimer's disease (AD) is the leading cause of dementia, affecting more than 5.8 million Americans, and the most expensive disease in the United States at a total cost of $290 billion in 2019 [1] . As the field of medicine prolongs life, the number of people suffering from AD rises together with aging and is estimated to quadruple by 2050 [1] . Timely and effective diagnostic approaches become critical, as therapies are more likely to be successful in early disease stages rather than in the later stages [2] .
Ophthalmologic impairments including loss of visual acuity, color recognition, and motion perception have all been reported in patients with AD. Notably, these visual changes have been documented not only in the early stages of disease, but also even before the onset of dementia [2] [3] [4] [5] [6] [7] . Cortical deficits alone do not explain these visual deficits. In fact, these visual abnormalities in AD have been associated with degeneration of the anterior visual pathways, as first demonstrated in our laboratory [8] [9] [10] [11] [12] . In addition, recent studies have demonstrated similar mechanisms of cortical neurodegeneration involving amyloid deposition occurring in the optic nerve and retina [13] [14] [15] .
Recent studies have suggested that vascular factors affecting cerebral microcirculation may contribute to AD pathogenesis. Specifically, the onset of clinical dementia is likely preceded by decreased cerebral blood flow followed by decreased amyloid b (Ab) peptide clearance and consequent neurotoxicity [16] [17] [18] [19] . Following the advent of optical coherence tomography (OCT), in vivo studies have revealed significant thickness changes of the retinal choroid in patients with AD. In turn, the choroid has been proposed as a potential early and noninvasive vascular biomarker in the eye for neurodegeneration in the brain [19] [20] [21] [22] [23] . However, the clinical use of the choroid as a purported surrogate marker for AD remains inconclusive given inconsistent findings between groups and various limitations associated with live-patient, OCT-based studies [19] . These limitations include the difficulty for cognitively compromised patients to cooperate with study protocols and the persistent challenge of unequivocally diagnosing AD clinically [24, 25] . Deviations in the reported results of retinal nerve fiber layer thickness in patients with AD have been shown to arise from intrinsic OCT apparatus variability including eye tracking system, length of examination time, and resolution for adequately visualizing the retina [26, 27] . These challenges with using OCT to evaluate the retina in patients with AD are similarly applicable to measuring the retinal choroid. Furthermore, previous studies have focused predominantly on total choroidal thickness with less attention to the choroidal sublayers or vascular morphology. Given these vicissitudes of using an in vivo approach, we pursued an ex vivo approach using human postmortem tissue to perform a precise, quantitative assessment of the retinal choroid and to provide a more comprehensive understanding of this potential oculovascular biomarker for AD diagnosis.
Methods

Neuropathologic assessment and AD diagnosis
The diagnosis of AD was determined neuropathologically in accordance with modified Consortium to Establish a Registry for Alzheimer's Disease (CERAD) or National Institute on Aging (NIA)-Reagan criteria and Braak-Braak Alzheimer classification [28] [29] [30] . Multiple brain areas were assessed for Ab burden and neurofibrillary pathology (NFT). Thioflavin-S fluorescent and Gallyas silver stains were used to evaluate amyloid plaques and tangles in formalin-fixed, paraffin-embedded tissues. To determine the severity of disease, tissues were independently reviewed and scored by three different neuropathologists. Clinical charts of controls and patients with AD were reviewed. The inclusion criteria for AD cases included a neuropathological diagnosis of high-likelihood AD in accordance with the NIA-Reagan Institute criteria [29, 30] , frequent neuritic plaques in accordance with modified CERAD criteria [29] , and Braak stage V or VI [30] based on the neuropathological reports (Dr. C. Miller, ADRC at USC). Eyes from age-matched patients without an AD diagnosis served as control specimens in the study.
Human tissues
Human postmortem control eyes were received from the Lions VisionGift eye bank in Portland, Oregon, and the AD eyes were acquired through the Alzheimer's Disease Research Center (ADRC) Neuropathology Core at the University of Southern California (USC), funded by the NIA. The Institutional Review Board (IRB) at USC approved the acquisition of donor tissue through the ADRC at USC. All experiments were performed in accordance with the relevant guidelines and regulations as detailed by the IRB at USC. The need to obtain informed consent was waived by the IRB. We analyzed 1 eye from each postmortem subject, which comprised 8 patients with AD (mean age of 80 6 12.7 years) and 11 age-matched control subjects (mean age of 78 6 16.57 years), derived at autopsy (Supplementary Material, Table 1 and 2). The groups did not differ significantly in terms of age or years of education. Exclusion criteria were co-occurring and/or confounding ophthalmologic diseases. Tissues with significant posterior pole ocular pathology such as age-related macular degeneration and optic neuropathies such as glaucoma, ischemic optic neuropathy, and diabetic retinopathy were not included in the study. Moreover, exclusion criteria for controls provided by the eye tissue banks were the presence of neurological and psychiatric disorders, treatment with chemotherapeutic agents before death, human immunodeficiency virus infection, alcohol abuse, and diabetes.
Histology
Postmortem eyes were immersion-fixed in 10% neutral buffered formalin. The eyes were dissected horizontally through the upper region of the optic nerve extending circumferentially through the superior nasal and temporal retinas. This single ribbon of tissue was processed and embedded into paraffin blocks, sectioned at 5 mm on a retracting microtome, and stained with hematoxylin and eosin. All postmortem tissue samples from patients with AD were histologically confirmed for retinal evidence of Ab plaque accumulation using our previously established protocol [14] . Controls were processed using the same protocol with the omission of the primary antibody to assess nonspecific labeling.
Morphometric analysis
Digitized histopathology images were acquired using the Aperio ScanScope-model CS2 (Leica Biosystems, Buffalo Grove, Illinois) equipped with a five-slide capacity and high-resolution magnification capabilities using a line scanning method. The 40x lens on the digital pathology scanner produced a rapid and seamless image of the choroid including the entire superior-nasal and superior-temporal regions in a single section. The system was calibrated before each measurement session at 0.25 mM/pixel linked with the 40x scanning lens protocol [31, 32] . Fig. 1 depicts the boundaries of the choroid and its vascular sublayers on histopathology. Measurements of choroidal thickness were performed using ImageScope v12.1.0.5029 software (Leica Biosystems) and obtained at approximately every 500 microns spanning the total distance beginning from the middle of the optic nerve to the center of the macula within the superior ribbon of the tissue. This amounted to a total of 8 measuring points for the choroid, superotemporally. In addition, the same total distance was projected superonasally relative to the optic nerve with measurements performed again at approximately every 500 microns for a total of 8 measuring points for the choroid. Full choroidal thickness (Full CT) was defined as the distance between Bruch's membrane (the lower boundary of retinal pigmented epithelium [RPE] ) and the choroid-sclera interface formally known as the suprachoroid on histopathology.
We also performed a subanalysis of the central macular region, spanning a length of 1.5 mm within the ribbon of the tissue. Choroidal sublayers, namely the choriocapillaris and the stroma, were included in the analysis. Choriocapillaris thickness (CC Th) was defined as the distance between Bruch's membrane and the upper boundary of the stroma. Stromal thickness (Stroma Th), which encompasses both the medium and large vascular layers, was defined as the distance between the lower boundary of the choriocapillaris and the choroid-sclera interface also known as the suprachoroid. Additional parameters including the vessel area and vessel number were also recorded. The total choroidal area (TCA) was measured as the product of Full choroidal thickness (CT) and the length of the region (i.e. 1.5 mm). The total choriocapillaris area (TCCA) was measured as the product of CC Th and 1.5 mm. The total stromal area (TSA) was measured as the product of Stroma Th and 1.5 mm. The luminal area of the choroidal vessels was manually measured using an Aperio ScanScope-model CS2 (Leica Biosystems, Buffalo Grove, Illinois) area tool, providing an automated value for the enclosed vessel luminal areas. Specifically, the choriocapillaris luminal area (CCLA) was measured as the summed total of the vessel lumen area within the choriocapillaris layer. The stroma luminal area (SLA) was measured as the summed total of the vessel lumen area within the stroma layer. To assess choroidal vascularity, we manually counted the number of vessels within the choriocapillaris (CC vessel number) and stromal (Stromal vessel number) layers spanning the 1.5 mm length of the central macular region. The validities of the performed measurements were subsequently assessed by a masked histopathologist.
Statistical methods
Statistical analysis was performed using SPSS V.20 package software. To compare the groups, independent t-test and the Mann-Whitney U test were applied. The normality assumption for the independent variables was checked with the Shapiro-Wilk test. The variables that were compliant with the normality assumption were subjected to the independent t-test, whereas those that did not meet the normality assumption were subjected to the Mann-Whitney U test. For the analysis of correlation, Pearson correlation coefficient and Spearman correlation coefficient were used. The statistical significance was established at P , .05.
Results
Superonasal versus superotemporal
As seen in Fig. 2 , the choroid was significantly thinner in patients with AD than in controls, superonasally. Superotemporally, however, the choroid was thicker in patients with AD than in controls, especially within the central region of the macula (Fig. 3) . Fig. 4 depicts quantitative analyses of these qualitative findings.
Macular choroid subanalysis: Thickness and area
As seen in Fig. 4 , the macular stroma was markedly thicker in patients with AD than in controls. The macular choriocapillaris was also thicker in patients with AD, although not statistically significant. The TCA was significantly greater in patients with AD than in controls. With respect to the choroidal sublayers, the TSA was markedly larger in patients with AD than in controls. TCCA was similarly larger in patients with AD, although not statistically significant (Fig. 5) . With respect to the luminal area, SLA was markedly greater in patients with AD than in controls. The CCLA was similarly greater in patients with AD, although not statistically significant.
Macular choroid subanalysis: Vascularity
As seen in Fig. 4 , the stromal vessel number was significantly greater in patients with AD than in controls. In contrast, the CC vessel number was not significantly different between patients with AD and controls (Fig. 4) . Pearson correlation testing (Fig. 6 ) revealed that choroidal thickening in patients with AD was strongly correlated with stromal vessel number (R 2 5 0.96, P , .001) and not with CC vessel number (R 2 5 0.28, P 5 .2).
Discussion
We provide, for the first time, a histomorphometric analysis of choroidal thickness and vascularity in severe disease. These tissues were histopathologically confirmed for retinal amyloid deposition and were derived from patients, who were neuropathologically confirmed for severe AD. We found significant morphological changes in the choroid by layer and by region, superonasally and superotemporally, with respect to the optic nerve. Taken together, these findings expand our understanding of vascular pathology in AD and suggest that choroidal vascularity in addition to thickness may together be useful as markers for assessing disease.
Histological examination of the superior-nasal choroid in patients with AD revealed significant thinning. Previous studies have similarly shown choroidal thinning in patients with AD, although predominantly in the macular choroid [20] [21] [22] [23] . We expand upon these findings by illustrating choroidal thickness changes beyond the macula. Choroidal thinning in patients with AD within the ocular vasculature might involve mechanisms of thinning similar to those of the choroid plexus within the cerebral vasculature. Pathological inflammatory cascades have been postulated as the cause of progressive neurodegeneration and vasoregression of the neurovascular choroid [33] [34] [35] . A previous study using a rat model similarly identified microglia recruitment and complement protein activation in the ocular choroid, suggesting an inflammatory response to local Ab deposition in the retina [36] . Taken together, these findings suggest that the changes exhibited in the retinal choroid may be related to Ab deposition in the retina.
The superior-temporal choroid was thicker in patients with AD than in controls, especially the stromal layer of the macular choroid. Further analysis revealed that the stroma was significantly more vascular in AD and choroidal thickness in the macular region was strongly correlated with stromal vessel number. Previous studies have demonstrated the shared vascular abnormalities between AD and aging with respect to lipid accumulation and atherosclerotic narrowing of the cerebral vessels [37] . In fact, given this shared vascular pathology, AD is often characterized as a disease of aging, albeit accelerated by impaired Ab clearance [17, 18, 34, 35, 37, 38] . Notably, these vascular changes seen with aging in the neurovascular choroid have similarly been shown in the oculovascular choroid. In age-related macular degeneration (AMD), lipid accumulation and atherosclerosis create an ischemic environment, which disturbs the normal paracrine relationship between trophic factors and the choroid [39] [40] [41] . In response to this hyperlipaemic state, the choroid may undergo structural changes including smooth-muscle cell proliferation, increased synthesis of extracellular matrix, and vascular proliferation from downstream upregulation of vascular endothelial growth factor (VEGF) and other trophic factors, ultimately leading to retinal dysfunction [40] [41] [42] [43] . Our choroidal findings in AD resemble those of AMD and may be explained by a shared vascular pathology between aging and AD in the oculovasculature similar to that of the neurovasculature. The thickness profiles of the superior-nasal and superiortemporal choroid matched the distribution of retinal Ab deposits in the mid-and far-periphery of these tissues as demonstrated by our group's previous study [14] . Our laboratory recently showed that the superior-nasal retina was markedly thinner than the superior-temporal retina of these tissues in AD [44] . Histologically, the macular choroid houses an abundant vascular supply in the stroma to nourish the large density of photoreceptors in the macula [45] . Consistent with this, the macula was the most atrophic area of the retina in severe AD as shown in our previous study [44] . Hence, thickening of the macular choroid in the temporal quadrant of the retina may represent a compensatory vascularproliferative response in severe disease stages. Vessels in the choroid may simply be more numerous or, more likely, distended in response to angiogenic factors such as VEGF.
Our findings of choroidal thickening in patients with AD were unexpected, as most in vivo OCT studies have reported choroidal thinning in patients with AD. Notably, however, these prior live-patient studies have been variable in their results. Bulut et al. [22] found the choroid to be thinner temporally than nasally in AD, whereas Cunha et al. [19] found the choroid to be thinner nasally than temporally. In addition, choroidal thickness changes in AD as measured in vivo have not correlated with patient psychometric scores [20, 22, 23] . In turn, the association between choroidal thickness and dementia is controversial and the use of the choroid as a biomarker for disease remains inconclusive. These discrepancies in thickness findings may be attributed to not only the challenges of unequivocally diagnosing AD clinically, but also the limitations of OCT in measuring the true thickness of the choroid. In particular, structural domain enhanced depth imaging (EDI)-OCT reportedly obscures choroidal boundaries, reducing the reliability of choroidal measurements in vivo [46, 47] . Our histopathological approach enabled precise measurements of choroidal thickness in AD.
Aside from live-patient OCT studies, a previous study conducted by Tsai et al. [36] showed thinning of the macular choroid in postmortem human tissues. Although we similarly used a histological approach, our study differs from that conducted by Tsai et al. in several ways. First, our study of choroidal thickness in patients with AD was specific to the severe, late stages of disease. Second, tissues were specifically derived from the superior retina, which has been shown to have the highest amyloid burden [14, 15] . Third, choroidal thickness was defined as the distance between Bruch's membrane and the choroid-sclera interface (i.e. suprachoroid). These histological boundaries measure the choroid extending as far as the vessel walls closest to the sclera. In contradistinction, the anatomical boundaries used by Tsai et al. for measuring choroidal thickness are not clearly defined. Furthermore, our study evaluated thickness and vascularity of the choroidal sublayers, which corroborated our choroidal thickness findings in AD.
Our measurements were subject to postmortem tissue swelling and tissue shrinkage as induced by fixation. However, both tissue groups prepared under identical protocols and deviations would equally affect both patients with AD and controls, mitigating measurement bias. Despite the limited sample size, the present study represents the largest histological analysis of choroidal thickness and vascularity in AD. Including only one eye for each patient is a particular strength of our study as it avoids artificial sample size enhancement that would have arisen from including both eyes. In addition, we used 16 measurements per layer to account for casespecific differences in choroidal structure, further strengthening the significance of our findings.
Conclusions and future directions
We provide, for the first time, a histomorphometric analysis of both choroidal thickness and vascularity in severe AD. These postmortem tissues were histologically confirmed for Ab and were derived from patients, who were neuropathologically confirmed for severe disease. Different patterns of thinning were exhibited in the superior nasal and temporal regions of the retinal choroid relative to the optic nerve. Thickening of the temporal choroid was especially apparent in the macular region, where the retina has the highest energy demand [48] and is reportedly most atrophic in AD [38, 44] . Increased choroidal thickness in AD was significantly correlated with increased vessel number. We postulate that a compensatory vascular proliferation in response to metabolic dysfunction in AD may explain the thickening of the macular choroid in severe disease. These oculovascular findings in AD suggest that choroidal vascularity may serve as a useful marker in addition to thickness for assessing disease severity.
Overall, a comprehensive understanding of the retinal choroid as measured ex vivo can be useful for assessing the clinical validity and use of the choroid as an ocular vascular biomarker in vivo using OCT. Such an in vivo quantitative means of assessing disease may allow monitoring of AD and enable the assessment of purported treatments. Therefore, future studies are suggested. Since our study focused on AD tissues derived from patients with severe AD (Braak stages V and VI), histological comparisons from earlier disease stages would be worthwhile to assess thickness changes as a function of earlier disease progression. Given the geographical differences in choroidal thickness shown by our ex vivo study, additional in vivo studies assessing thickness changes in these regions beyond the macula may be warranted. Recent studies conducted by Koronyo et al. [15] have demonstrated the highest amyloid burden specifically in the superior retina. With this in mind, the current morphometric analysis focused on choroidal thickness changes in the superior retina. This is a particular strength of our study as these tissues were similarly derived and histopathologically confirmed for Ab deposits in the superior quadrants, as previously demonstrated in our laboratory [14, 44] . Nevertheless, future studies evaluating choroidal thickness in alternative retinal quadrants may be worthwhile. Finally, our choroidal findings are observational in nature and additional studies are necessary to elucidate the precise mechanism of thickness and vascular changes in advanced disease stages.
RESEARCH IN CONTEXT
1. Systematic review: For the literature review, commonly available medical databases and important review papers in the field were searched.
Interpretation:
The present study provides an improved understanding of the retinal choroid as a purported biomarker for a profound neurodegenerative disease on the histological level and proposes an objectively precise and quantifiable means of assessing this disease in ways that may ultimately facilitate our pursuits towards live-patient imaging, non-invasively.
3. Future directions: Future studies should explore histological comparisons from earlier disease stages to assess thickness changes as a function of earlier disease progression. In addition, the mechanisms underlying choroidal thickness and vascular changes need to be elucidated.
